A study was undertaken to explore the use of volumetric modulated arc therapy (VMAT) for total body irradiation (TBI). Five patient plans were created in Pinnacle 3 using nine 6 MV photon dynamic arcs. A dose of 12 Gy in six fractions was prescribed.
from 12 to 15 Gy in 6-12 fractions over 4-6 days in myeloablative approaches, with the most common prescription being 12 Gy in six fractions. [1] [2] [3] Low-dose TBI (2-8 Gy in 1-4 fractions) can also be used as an effective form of conditioning for older patients who may not be able to tolerate myeloablation. 1, 4, 5 The most significant organ toxicity associated with TBI is lung toxicity. The lungs are typically shielded to <10 Gy to reduce the chance of radiation induced interstitial pneumonitis. 6 Other key organs at risk from TBI include the liver, kidneys, spleen, heart, and eyes. 7 TBI is traditionally treated using a conventional linac (linear accelerator) using static anterior-posterior/posterior-anterior (AP/PA) or parallel-opposed lateral beam arrangements at extended source-tosurface distance (SSD). Photon beam energies between 4 and 24 MV can be used with tissue compensators to boost regions of varying patient thickness or shielding blocks to limit dose to organs at risk (e.g., lungs, liver, and kidneys). The dose is prescribed to a single point at the midline of the patient with the aim of delivering a uniform dose of AE10%. 8 There are certain drawbacks associated with conventional techniques that have been well reported in the literature; 8, 9 long treatment and setup times (which impact patient comfort and ability to maintain accurate positioning during treatment); a lack of accurate three-dimensional treatment planning data;
and the requirement for large linac bunkers to accommodate extended SSDs; and specialized treatment equipment.
Other TBI treatment methods include positioning the patient supine and prone on a fixed couch at a large SSD underneath the linac and delivering modulated partial arcs. 10 This method offers greater dose uniformity; however, it is both time and labor-intensive for planning and treatment delivery. A translational couch technique maintains a static beam and gantry, while the patient travels under the linac on a specialized translational couch. 11 A homogeneous dose can be delivered by varying the speed of the couch movement. 12, 13 Custom-made lung shields and beam spoilers may still be required for these techniques.
Recently, there has been a shift toward more advanced TBI treatments utilizing modulated arc techniques to target the hematopoietic tissues and reduce the dose to the surrounding healthy tissues. Helical tomotherapy (HT) can be used to treat TBI patients. [14] [15] [16] It has the advantage of the patient positioned supine, a homogeneous dose distribution without the need for junctions between beams, and with the ability to spare organs at risk. 
| METHODS AND MATERIALS
A retrospective analysis was performed on five patients. were to deliver a uniform dose of 12 Gy to the PTV while limiting the mean lung dose to less than 8 Gy, and the mean kidney and liver doses to below 9 Gy. The PTV was extended 3 mm into the lungs in a pragmatic compromise between coverage of setup, geometric, and intrafraction motion uncertainties and sparing of the lungs. The 3 mm margin was chosen based on reported margins used in TMI. 14, 18, 20, 21, 25 A planning volume at risk (PRV) margin of 7 mm was applied to the kidneys in the superior-inferior direction to account for organ motion during treatment. 26 The Pinnacle 3 SmartEnterprise version 9.10 (Philips Healthcare, Andover, MA, USA) treatment planning system was used to optimize VMAT beams. The system consists of three application servers with dual 2.93 GHz Intel Xeon 5600 series processor and 96 GB of RAM.
The PTV was split into subsections for the head, chest, abdomen, Table 1 . A uniform dose objective with a high weighting was set to keep dose uniformity in the PTV to acceptable levels.
Max EUD (equivalent uniform dose) objectives were set for the organs at risk. To maintain acceptable dose coverage to the ribs, the liver and lung objective ROIs were contracted by 5 mm (Liver_-cont and Lungs_cont). During the optimization process, the air cavities within the patient were overridden to a density of 1 g/cm 3 , to restrict the optimizer from over increasing the photon fluence in low-density regions. The air cavity density override was switched off for the final dose computation. Initial optimization and conversion was performed with a dose grid of 5 9 5 9 5 mm. The final dose computation was performed with a dose grid of 3 9 3 9 3 mm using the collapsed cone convolution algorithm.
Treatment plan evaluation was performed using dose-volume histogram (DVH) analysis. The planning aims for the PTV were to deliver 12 Gy to at least 90% of the PTV (i.e., V 100% ≥ 90%) and 11.4 Gy to at least 95% of the PTV (i.e., V 95% ≥ 95%). For the PTV, the mean dose was recorded as well as the hottest dose to segments are able to be captured on the ArcCheck when the device is positioned centrally (Fig. 2) . To verify all segments and test the beam model and MLC calibration at the field edges, the ArcCheck was shifted by 8 cm laterally in both directions and compared to the same shift made on the phantom calculation in the planning system for the superior and inferior chest arcs only.
All measurements were analyzed in the SNC Patient software (version 6.6.2) using a global gamma analysis of 3%/3 mm on absolute dose.
| RESULTS
An example dose distribution for patient 3 is shown in Fig. 3 . The planning results achieved are given in Tables 2-4 . The planning aims for the PTV were to deliver 12 Gy to at least 90% of the PTV (i.e., V 100% ≥ 90%) and 11.4 Gy to at least 95% of the PTV (i.e., V 95% ≥ 95%). This was achieved for each of the test plans. The mean dose to the lungs was able to be restricted to less than 8 Gy for each test case and over a range of total lung volumes. A 30% dose reduction to the liver and a 40% dose reduction to the kidneys proved to be feasible, while the maximum dose and dose homogeneity were kept to acceptable ranges. Tables 5 and 6 
| DISCUSSION
The use of rotational intensity modulation is becoming increasing popular for all radiotherapy treatment sites due to the rapid treatment delivery times and the ability to conform dose to complex targets while sparing critical structures. Rotational techniques using conventional linacs are yet to be fully utilized for TBI due to the complexities involved in treating an extremely large target with multiple overlapping arcs. In this study, we present a technique for planning and treating TBI patients using the combination of Pinnacle The planning results achieved demonstrate a VMAT approach to TBI is able to deliver a dose prescription of 12 Gy to the PTV, while sparing the mean lung dose to 8 Gy or less. VMAT also offers the ability to selectively spare other organs at risk such as the kidneys, liver, and brain, or even account for areas of previous treatment.
Although the dose to the liver and kidneys has been reduced for all patients in this study, organ sparing should be evaluated on a case by case basis. The liver for example, is often included in the target of TMLI studies as it may contain hematopoietic tissues. techniques. 14, 24 Although no strict limit is set on D 2 cc or the dose homogeneity, regions of hotspots are evaluated based on their location in the patient. Hotspots may be acceptable if they are away from critical structures and mostly in external tissues. Due to the normalization of the PTV dose (V 100% ≥ 90%), the average dose is shifted higher than the prescribed dose for the VMAT plans (mean dose in the PTV over the five patients was 12.7 Gy). In this study, the PTV was trimmed to 5 mm below the surface of the patient as certain problems arise when attempting achieve the planned absorbed dose in this region. Within the buildup region and with the coarse voxel resolution used during optimization (5 9 5 9 5 mm), the dose increases rapidly and has large uncertainty. It is difficult to achieve the planned dose in this region due to the lack of electronic equilibrium; the inverse optimizer must therefore increase the dose in this region by strongly increasing the photon fluence which can lead to reduced homogeneity in the PTV. Hot spots can also be created by small setup errors during treatment. For the above reasons, it is also difficult to assess the skin dose, but in practice the combination of multiple arcs, oblique beam incidence, and beam exit from all angles significantly reduces the normal photon beam skin-sparing effect. Although not included in this study, skin dose could be boosted by using well-documented techniques such as bolus, a beam spoiler, or a virtual bolus in the planning system. 28 The practice of delivering TBI at low dose rates stems from radiobiological considerations, namely the sparing of damage as a result of cellular recovery. 29, 30 Pneumonitis is one of the major toxicity concerns with TBI, and was originally related to dose rate; however, since the introduction of fractionated regimes, several publications have shown the dose rate to have little effect. [31] [32] [33] [34] [35] [36] The estimated dose rate in the chest region for this technique is 26 cGy/ min, which is within the range of dose rates reported in the literature. 2, 3 Although not restricted in this study, dose rate could It is important to note the irradiation of the lower limbs was not included in this paper. It is intended the legs be treated in the feet-first direction using AP/PA beams with conventional static fields. The ideal method would be to treat the lower legs with a series of VMAT arcs also to smooth doses in the junction regions. This has proved a challenge due to the difficulties in junctioning two VMAT arcs that have been planned on two CTs with different treatment orientations (i.e.,
head-first and feet-first orientation). Although Springer et al. 24 have described a method for irradiating the legs with VMAT by summating the resulting head-first and feet-first plans in Eclipse and performing a final optimization of the junction region. Junctioned AP/PA beams for the legs are deemed acceptable owing to the absence of any organs at risk, and are the simplest approach to achieving the prescribed dose to the target.
Moving to a VMAT TBI technique will be both labor and resource intensive. CT simulation is estimated to take between 1 and 1.5 hr. 3 . This does not include the time required for planning of the legs, plan checking, and export to the record and verify system. However, total time on the treatment machine will be decreased as appointments for simulation and imaging checks on the shielding blocks will no longer be required. It is estimated the time per treatment fraction will be reduced also from 1.5 to 2 hr for the 2D extended SSD technique to 1-1.5 hr per fraction for VMAT. The total time for physics quality assurance is 6-8 hr for dose calculation and 2-3 hr of machine measurements.
| CONCLUSION
This study has demonstrated the feasibility of achieving clinically acceptable VMAT TBI plans with the Pinnacle 3 treatment planning system and accurate delivery using an Elekta Agility TM linac. The advantages of this technique include improved patient comfort and positioning reproducibility during treatment, accurate 3D dose information, and the ability to selectively spare organs at risk.
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